Abstract The vertebrate heart is innervated by the sympathetic and parasympathetic components of the peripheral autonomic nervous system, which regulates its contractile rate and force. Understanding the mechanisms that control sympathetic neuronal growth, differentiation, and innervation of the heart may provide insight into the etiology of cardiac arrhythmogenesis. This review provides an overview of the cell signaling pathways and transcriptional effectors that regulate both the noradrenergic gene program during sympathetic neurogenesis and regional nerve density during cardiac innervation. Recent studies exploring transcriptional regulation of the bHLH transcription factor Hand1 in developing sympathetic neurons are explored, and how the Hand1 sympathetic neuron-specific cis-regulatory element may be used further to assess the contribution of altered sympathetic innervation to human cardiac disease is discussed.
The peripheral autonomic nervous system innervates various organs, including the heart. It regulates two major aspects of cardiac function, heart rate and contractile force, through the opposing influences of sympathetic and parasympathetic efferent nerves. Sympathetic nerve fiber stimulation acutely increases both heart rate and contractile force, whereas parasympathetic nerve fiber stimulation diminishes heart rate and attenuates sympathetic effects on force.
In addition to the beat-to-beat regulation of rate and force, a large number of experimental studies strongly suggest a role of cardiac sympathetic innervation in shaping the electrophysiologic phenotype of the target tissue via transcriptional regulation of genes encoding ion channel/ transporter proteins and/or via their sustained posttranslational modifications. Indeed, clinical studies have provided ample, yet largely circumstantial, evidence that spatially heterogeneous alterations in the sympathetic nerve density of the diseased heart can cause increased susceptibility to life-threatening ventricular tachyarrhythmias [18, 27, 37] . Therefore, understanding the mechanisms by which these neurons grow, differentiate, and ultimately innervate the heart may be critical to understanding cardiac disease, specifically cardiac arrhythmogenesis.
Anatomy of Cardiac Sympathetic Innervation
The sympathetic chain ganglia connect the heart and the central nervous system [12] . Axons from preganglionic sympathetic neurons (SNs) located in the intermediolateral column of the thoracic and lumbar spinal cord project to the sympathetic chain ganglia, also known as the paravertebral ganglia, which run bilaterally and ventrolaterally to the spinal column. The most rostral of the sympathetic chain ganglia are termed the cervical ganglia. The majority of cardiac sympathetic nerves originate in postganglionic neurons located in the cervical and upper thoracic ganglia (also known as the stellate ganglia), mostly following the great arteries to join the cardiac plexus, located dorsal and caudal to the heart [21] . In mammals, the majority of these neurons then project between the aorta and the pulmonary trunk, following the paths of coronary arteries as they innervate the target regions. Sympathetic nerves run in epicardial bundles and then individually dive into the myocardial wall, wherein they form neuroeffector junctions with their target cells.
Intramural segments of postganglionic sympathetic axons exhibit periodic swellings, or ''varicosities,'' which correspond to the neurotransmitter release sites. The density of axonal projections from postganglionic SNs in the heart exhibits marked spatial variability. Axonal density is high in the sinus node and displays epicardial-to-endocardial gradients in the right and left ventricular free wall. Intriguingly, collapse of this transmural innervation gradient in the adult mouse is accompanied by a reversal of the intrinsic transmural repolarization gradient, giving rise to increased arrhythmia susceptibility [18] . The latter finding further supports the notion that changes in the regional density of sympathetic nerves exert long-term adverse effects on the electrical phenotype of the target tissue. In more general terms, maintenance of physiologic innervation gradients in the heart is a necessary requirement for sustaining physiologic repolarization gradients across the chamber walls. Therefore, understanding the mechanisms controlling regional nerve density is critical to understanding cardiac arrhythmogenesis.
Development of the Sympathetic Nervous System
The process of sympathetic neurogenesis has been studied extensively [1, 3, 8, 13, 16, 17, 36] . Sympathetic neurons are derived from neural crest cells, which arise from the margin of the neuroepithelium, then delaminate and migrate throughout the developing embryo. Neural crest cells can differentiate into both neural and nonneural tissue, and their lineage is restricted by the axial level at which they originate. The cardiac neural crest, which originates immediately caudal to the otic placode at the level of somites 1 to 3, differentiates into the smooth muscle cells of the great arteries and the connective tissue that forms the aorticopulmonary and membranous septa. Postganglionic sympathetic neurons, together with other varied components of the peripheral nervous system, are derived from the trunk neural crest, which originates caudally to somite 4 [23] .
Sympathetic neurons are catecholaminergic. In other words, they use norepinephrine as their main neurotransmitter. This distinguishes postganglionic SNs from parasympathetic neurons, which are solely cholinergic neurons that use acetylcholine as a neurotransmitter.
To synthesize norepinephrine from its precursor, L-tyrosine, SNs must produce three enzymes: tyrosine hydroxylase (TH), dopamine b-hydroxylase (DBH), and phenylethanolamine N-methyl transferase (PNMT). Although the potency of SN progenitors is restricted based on the axial level at which they originate, upregulation of these specific biosynthetic enzymes is driven by local signaling cues proximal to the dorsal aorta [42] . Secreted signaling molecules termed bone morphogenetic proteins (BMPs), specifically BMP2, BMP4, and BMP7, derived from the smooth muscle cells of the dorsal aorta, are sufficient to induce neural crest cells to upregulate SN differentiation markers, including TH, as shown in both explant cultures and chick embryos [35, 41, 44, 45] .
Conversely, exogenous application of a BMP antagonist, noggin, prevents SN differentiation [40] . Conditional ablation of Bmpr1a, a BMP receptor, in mouse neural crest cells causes massive SN cell death after migration, whereas ablation of Smad4, the transcriptional effector of canonical BMP signaling, causes diminished TH expression and proliferation but does not otherwise appreciably affect sympathetic neurogenesis [2, 30] , suggesting that BMPs function through other, potentially protein kinase A-mediated mechanisms [25] to regulate sympathetic neurogenesis.
The major transcription factors shown to regulate sympathetic neurogenesis, namely, the paired-like homeodomain transcription factor Phox2b, the bHLH transcription factors Ascl1 and Hand2, and the Zn-finger transcription factors Gata2, Gata3, and Insm1, all act downstream of BMP signaling. Phox2b is a master regulator of sympathetic neurogenesis. Loss of Phox2b function in mice causes catastrophic cell death in all developing autonomic neurons and a failure either to upregulate or to maintain Ascl1, Hand2, Gata2, Gata3, and Insm1 expression [32, 47] . These factors all contribute to establishment of the proper SN cell number by promoting either cell proliferation or survival. Rather than regulate specific noradrenergic differentiation programs, Ascl1 and Insm1 are thought to regulate the timing of noradrenergic differentiation because both knockout models display delayed expression of TH and DBH [33, 47] .
Indeed, like many neuronal cell types, SN differentiation transcriptionally conforms to a common basic developmental program in which basic helix-loop-helix (bHLH) transcription factors cooperate with homeodomain transcription factors to effect neuronal progenitor specification [13, 18] . Phox2b cooperates with one of the factors it regulates, Hand2 [15] , and these two factors then drive neuronal precursor proliferation and noradrenergic differentiation, for example, by regulating expression of the norepinephrine biosynthetic enzyme DBH [32, 38, 48] and the Hand2-related bHLH factor Hand1 [29, 46] . Findings have shown that loss of Hand2 function disrupts sympathetic neurogenesis in both fish and mice [10, 14, 26, 29] and that gain of Hand2 function in chick directs neural crest cells and parasympathetic ganglia to adopt noradrenergic characteristics, such as TH and DBH expression [14, 15, 31] . Indeed, Phox2b and Hand2, together with Gata3, are thought to be the main effectors of the noradrenergic gene program.
After their proliferation and differentiation, SNs must properly innervate the heart to regulate cardiomyocyte function. Aberrant sympathetic innervation may trigger lethal arrhythmias [4, 6, 34] . Explanted hearts of cardiac transplant recipients with a clinical history of ventricular tachyarrhythmia display greater cardiac nerve density, as assessed by immunohistochemical analysis [4] , than hearts from patients without arrhythmia anamnesis. A nerve growth factor (NGF), neurotrophin, and a class 3 secreted semaphorin, Sema3a, have been implicated in the proper patterning of cardiac sympathetic nerves during development and in diseased hearts. Expression of NGF is associated with tissues displaying a high innervation density [11] , including the heart. Targeted ablation of Edn1, which regulates NGF expression, diminishes cardiac sympathetic innervation and norepinephrine concentration [19] , phenotypes partially rescued by cardiac-restricted transgenic overexpression of NGF [9, 19] . Sema3a-deficient mice display abnormalities of both the nerves that project from the cervical ganglia into the heart and those that innervate the subepicardium and subendocardium, causing sinus bradycardia and abrupt sinus arrest [18] . In the current study, transgenic overexpression of Sema3a specifically in the heart via the a-myosin heavy-chain promoter caused a reduction in overall sympathetic nerve density and a collapse of the transmural innervation gradient, increasing susceptibility to induced ventricular tachyarrhythmias [20] .
These genetic models illustrate both the critical role of tightly regulated cardiac sympathetic innervation in maintaining cardiac performance and the contribution of adverse sympathetic remodeling to cardiac disease. The plasticity of these cardiac nerves, as evinced by alterations in their innervation patterns after myocardial infarction or in hypertrophic hearts [22] , raises the question of whether cardiac innervation patterns also change with ageing, and if so, whether these changes occur due to a loss of cardiac innervation, a loss of postganglionic SNs innervating the heart, or both?
Postganglionic Sympathetic Neurons Require Maintenance Cues After Differentiation
Hand2 disruption in postmitotic differentiated SNs, either via small inhibitor RNA (siRNA) knockdown in chick or through conditional gene ablation in mice, causes a reduced ganglionic cell number and a failure to maintain noradrenergic characteristics [39] . Additionally, analyses of Hand2 hypomorphic mutants show that, as proposed in previous studies [10, 14] , transcriptional programs in the developing SNs are sensitive to Hand2 gene dosage [46] .
Together, these data indicate that the SNs require continual Hand2 transcriptional input at a critical threshold for the maintenance of proper cell numbers and normal gene expression. Additionally, it should be noted that although loss of Gata3 function causes reduced TH and DBH expression [24] , this reduced gene expression seems to reflect a progressive loss of expression rather than a failure to upregulate noradrenergic programs [43] . This suggests that Gata3 also may be required to maintain expression of the genes responsible for a noradrenergic phenotype rather than its initial upregulation.
Regulation of Hand1 Expression in Postganglionic Sympathetic Neurons
As mentioned previously, a downstream target of Hand2 during sympathetic neurogenesis is the related factor, Hand1. Although siRNA knockdown experiments in cultured mouse superior cervical ganglia, a subtype of SNs that express both Hand1 and Hand2, suggests that these factors perform overlapping functions, such as the promotion of cell survival [7] , evidence from genetic interaction studies suggest that Hand1 does not contribute significantly to the noradrenergic gene program in these cells [46] . Gene expression in the SNs is sensitive to Hand2 gene dosage, but TH and DBH protein expression within these cells is unperturbed by a loss of Hand1 function, either alone or coupled with a Hand2 heterozygous background [46] . Although its functional role in SN development is likely minimal, Hand1 in the SNs is worthy of study because understanding the mechanisms by which it is transcriptionally regulated provides insight into the SN developmental program.
Hand1 is expressed solely in SNs and no other neuronal subtype [5, 28] . Recent studies have defined an evolutionarily conserved Hand1 cis-regulatory element, hereafter refer to as Hand1 SG , sufficient to drive lacZ reporter gene expression throughout the developing and postnatal SNs ( Fig. 1A ; [46] ). Hand2 and Phox2b have been shown, through chromatin immunoprecipitation and electromobility shift assays, to bind evolutionarily conserved consensus-binding sites within this SN-specific enhancer. Mutation of either the Phox2 binding site, to which Phox2b binds, or the three E-box binding sites, bound by Hand2, abolishes reporter gene expression in transient transgenic embryos. Similarly, disruption of Hand2 function attenuates Hand1 SG -lacZ reporter gene expression in a dosagedependent manner.
These data sets confirm that Hand2 is a direct upstream regulator of Hand1 transcription. Given that Hand2 and Hand1 are thought to perform overlapping functions, it is surprising that in the face of diminished Hand2 function, Hand1 cannot feed back to autoregulate its own expression. Although Hand2 and Hand1 can behave similarly in SNs (e.g., they both interact with Phox2b identically in vitro), they display different binding affinities for the conserved E-boxes within the Hand1 SG enhancer. This difference in binding affinity suggests that these two factors are not functionally identical and that both potentially account for the inability of Hand1 to autoregulate, raising the possibility that Hand1 may fulfill other unique roles within the SN gene program. An intriguing faculty of this reporter is its ability clearly to label neurons innervating the heart (Fig. 1C, D) . Given the endogenous expression profile of Hand1 and the observation that the Hand1 SG -lacZ transgene is robustly expressed in the sympathetic chain ganglia, it is likely that these are sympathetic nerve fibers, although further expression analyses are required to confirm this hypothesis and to assess the extent of SN nerve fiber labeling.
Because findings have shown the Hand1 SG enhancer to be a sensitive and tissue-specific in vivo reporter of at least two essential transcriptional effectors of the noradrenergic program, it also potentially has broad applications for visualizing SNs in developmental and disease contexts. For example, previous studies have definitively demonstrated that the Hand1 SG -lacZ reporter is specifically sensitive to Hand2 gene dosage [46] . Furthermore, continual Hand2 transcriptional input is required to maintain noradrenergic gene expression in differentiated SNs [39] . Thus, the Hand1 SG -lacZ transgenic reporter would provide a useful tool for assessing the role of Hand2 in the maintenance of adult SN function, for example, to determine whether Hand2 function attenuates with age or whether Hand2 function is altered in the SN after myocardial infarction.
Given its robust and tissue-specific expression, the Hand1 SG enhancer also could be used to generate a tamoxifen-inducible Cre recombinase transgene. This Cre driver then could be used specifically to ablate gene function in SNs of the adult animal. This would bypass the pre-or perinatal lethality that typically occurs when factors critical to the noradrenergic gene program are ablated in SNs or their progenitors. Thus, the Hand1 SG enhancer, used in conjunction with other emerging molecular tools, promises to provide profound insight into the contribution of altered sympathetic innervation to human cardiac disease. In d, the atria and great vessels have been removed to provide an unobstructed view of the nerves that project from between the atrioventricular canal and the outflow tract (arrowheads). Ao aorta, CG cervical ganglia, dAo descending aorta, LA left atrium, MV mitral valve, PT pulmonary trunk, RA right atrium, RV right ventricle, TV tricuspid valve
